Introduction
A paradigm of host immunity is that an individual's susceptibility to pathogens indicates a specific molecular defect. Yet, there are apparent exceptions to this paradigm: individuals who develop infections from a spectrum of organisms either broader or narrower than that predicted by the identified molecular defect. Several cases of human mutations affecting the interferon (IFN) pathways exemplify such exceptions. There are 3 families of IFNs: type I (IFN-α, IFN-β, and IFN-ω), type II (IFN-γ), and type III (IFN-λ1, IFN-λ2, and IFN-λ3) (1) . Each IFN family has its specific receptor (IFNAR, IFN-GR, IFNLR, respectively) and unique signaling pathways, although crosstalk occurs among these pathways (1) . Type I IFNs induce the expression of MHC class I and stimulate NK cell-and CD8 + T cellmediated cytotoxicity to promote the killing of cells infected with virus (1) . Only 2 types of defects in the type I IFN pathway have been reported to date: one kindred with a truncation mutation in IFNAR2 and patients deficient in STAT2, a transcription factor downstream of IFNAR activation (2) (3) (4) . These patients presented with disseminated live vaccine-strain viral infections, indicating the contribution of IFNAR signaling to the induction of IFN-stimulated genes (ISGs) important for inhibiting viral replication and infection (2) (3) (4) . However, despite the known importance of type I IFNs in controlling viral pathogens, both the IFNAR2-and STAT2-deficient patients had either absent or mild symptoms after infection with childhood viruses, including cytomegalovirus (CMV), Epstein-Barr virus, varicella zoster virus (VZV), and respiratory viruses (2, 3) . This suggests that the type I IFNs have an essential, but narrow, role in host immunity against viral pathogens.
The contributions of the type II IFN pathway to host immunity have been illustrated in patients with mutations in the genes encoding the IFNGR, 2 downstream transcription factors (STAT1 and IRF8), and the proteins important for IFN-γ secretion, such as IL-12, IL-12R, and ISG15 (5, 6) . Due to the role of IFN-γ in macrophage activation, these patients are susceptible to intracellular organisms, most commonly mycobacteria and Salmonella, but also Listeria monocytogenes and Nocardia (5, 7) . A few patients have been reported to have concomitant infections with additional pathogens, including CMV, respiratory syncytial virus, VZV, klebsiella, histoplasmosis, and paracoccidioidomycosis (7-10). It is not known if these atypical infections resulted from differences in environmental exposures or additional mutations affecting other mechanisms of host immunity.
We present a patient with disseminated mycobacteria, Streptococcus viridans bacteremia, and CMV viremia. We identified, for the first time to our knowledge, a digenic innate primary immunodeficiency leading to defective type I and type II IFN signaling that illustrates the diverse contributions of these pathways to host defense against specific pathogens.
Primary immunodeficiencies are often monogenic disorders characterized by vulnerability to specific infectious pathogens. Here, we performed whole-exome sequencing of a patient with disseminated Mycobacterium abscessus, Streptococcus viridians bacteremia, and cytomegalovirus (CMV) viremia and identified mutations in 2 genes that regulate distinct IFN pathways. The patient had a homozygous frameshift deletion in IFNGR2, which encodes the signal transducing chain of the IFN-γ receptor, that resulted in minimal protein expression and abolished downstream signaling. The patient also harbored a homozygous deletion in IFNAR1 (IFNAR1 Figure 1A ). Whole-exome sequencing (WES) of the proband identified 2 potentially novel variants affecting distinct IFN pathways, in addition to 13 rare homozygous variants (Supplemental Table 1 ; supplemental mate-
Results and Discussion
The proband is the only child of consanguineous Saudi Arabian parents ( Figure 1A ). He was healthy until 2 months of age, when he developed a high fever and a blood culture positive for Streptococcus viridans, and severe CMV viremia (4,000,000 copies/ml). Within a few days, he developed anemia, thrombocytopenia, splenomegaly, and lymphadenopathy. He had laboratory findings consistent with hemophagocytic lymphohistiocytosis (HLH): elevated ferritin (4,000 μg/l), increased triglycerides (7.5 mmol/l), high soluble CD25 (6,500 U/ml), and hemophagocytosis in his bone marrow. His bone marrow was positive for Mycobacterium abscessus and CMV. His laboratory evaluation revealed elevated numbers of white blood cells and total lymphocytes, a mildly decreased CD4 + T cell count, and increased numbers of CD8 + T cells (Table 1) . His HIV PCR was negative. Targeted Sanger sequencing identified no muta- Ligation of IFNGR2 C266fs with IFN-γ failed to result in STAT1 phosphorylation or upregulation of HLA-DR after stimulation ( Figure  1, F 
and G). The minimal expression of IFNGR2
C266fs and its lack of activity were consistent with the patient's early-onset disseminated mycobacterial disease, a phenotype associated with autosomal recessive complete IFN-γR2 deficiency.
The proband's history of disseminated CMV is atypical for a monogenic defect in the type II IFN axis because very few patients with IFNGR2 deficiency or autoantibodies against IFN-γ have been previously reported to have CMV viremia (9) (10) (11) . In our patient, WES also identified a potentially novel homozygous deletion in the IFNAR1 gene (IFNAR1 *557Gluext*46 , NM_000629: c.1671_1821del: p.*557Gluext*46), which encodes the signaling chain of the IFNAR. Sanger sequencing of genomic DNA confirmed that the mutation was homozygous in the proband and heterozygous in his parents (Supplemental Figure 2A) . The IFNAR1 *557Gluext*46 mutation is predicted to replace the gene's stop codon with 46 novel C-terminal codons, which was confirmed by Sanger sequencing of cDNA from the patient's fibroblasts (Figure 2A and Supplemental Figure 2B ). The additional C-terminal amino acids were predicted to add 5 kDa to the protein's molecular weight. Immunoblotting of fibroblast lysates from the patient using an antibody directed against residues 450-500 revealed protein expression of IFNAR1 *557Gluext*46 at a level comparable with that of WT IFNAR1 in control fibroblasts ( Figure 2B ). The small difference in molecular weight between WT IFNAR1 (130 kDa) and IFNAR1 *557Gluext*46 (135 kDa) was not evident on immunoblotting due to the relatively high molecular weight of both proteins. IFNAR1 serves as the signaling chain of the IFNAR and is required for responsiveness to type I IFNs (1, 12) . Binding of IFN-α to the IFNAR complex leads to the phosphorylation of STAT1 and STAT2 followed by assembly of the p-STAT1/p-STAT2 heterodimer. The p-STAT1/p-STAT2 heterodimer is released from the IFNAR complex, translocates to the nucleus, and induces expression of ISGs necessary for controlling viral replication and spread (12) . IFN-α stimulation of the patient's fibroblasts resulted in significantly decreased STAT1 and STAT2 phosphorylation compared with control fibroblasts ( Figure 2, C and D) . Additionally, the nuclear translocation of p-STAT1 was significantly impaired in the patient's fibroblasts 8 and 24 hours after IFN-α stimulation ( Figure 2E ). Although the mutant IFNAR1 *557Gluext*46 protein retains the docking sites required for downstream intracellular signaling events, these results indicated that the addition of the potentially novel 46 amino acids partially disrupts the receptor's downstream signaling. Unlike the IFNAR2-or STAT2-deficient patients, who developed fatal vaccine strain measles encephalopathy (2, 3), our proband had no complications after MMR vaccination. The residual signaling and ISG expression downstream of IFNAR1 *557Gluext*46 in our proband may have been sufficient for providing immunity against attenuated, but not WT viruses.
We next assessed the antiviral state induced by IFN-α stimulation of patient and control fibroblasts. Since fibroblasts do not secrete IFN-γ, a cytokine produced exclusively by hematopoietic cells (13), we used patient-derived fibroblasts to specifically determine the impact of the IFNAR1 *557Gluext*46 mutant protein on the induction of ISGs and CMV susceptibility independent of IFN-γ. IFN-α stimulation resulted in significantly impaired induction of IRF7, a transcription factor upregulated by activation of the IFNAR, as well as IFIT1 and IFIT2, two ISGs regulated by type I IFNs (12) rial available online with this article; https://doi.org/10.1172/ JCI93486DS1). The first is a homozygous single nucleotide deletion in IFNGR2 (IFNGR2
C266fs
, NM_005534: c.798delT: p.C266fs), which encodes the IFNGR signal transducing chain. Sanger sequencing of genomic as well as cDNA from the proband's fibroblasts demonstrated that this mutation results in a frameshift at residue 266, followed by premature truncation of the protein at residue 270 upstream of the residues essential for JAK2 binding (Figure 1B and Supplemental Figure 1, A and B) . The mutant IFNGR2 mRNA was expressed at a significantly lower level in the patient's fibroblasts than the WT IFNGR2 mRNA in control fibroblasts, consistent with possible nonsense-mediated decay of the mutant mRNA ( Figure 1C) . Flow cytometry using an antibody specific for the N-terminus of IFNGR2 demonstrated that the patient's monocytes had nearly absent IFNGR2 C266fs protein expression ( Figure  1D ). To investigate the turnover of IFNGR2
, we transfected HEK293T cells with cDNA encoding WT or mutant IFNGR2, in the absence or presence of the protein synthesis inhibitor cycloheximide (CHX). IFNGR2
C266fs had impaired expression at baseline and had a shorter half-life than the WT protein ( Figure 1E ). Misfolded proteins in the endoplasmic reticulum are cleared by endoplasmic reticulum-associated protein degradation (ERAD), a process that is blocked by the proteasomal inhibitor MG132. The addition of MG132 partially prevented the degradation of IFN-GR2
, demonstrating that ERAD contributes to the accelerated degradation of the mutant ( Figure 1E ). To determine if IFN-GR2 C266fs retained any residual activity, we stimulated the patient's skin-derived fibroblasts with IFN-γ and assessed STAT1 phosphorylation and upregulation of the MHC class II protein HLA-DR. Neutrophil function to the CMV susceptibility seen in the patient's cells, we examined whether the expression of WT IFNAR1 in the patient's cells would restore the ability to control CMV infection. Patient and control fibroblasts were transduced with lentivirus containing either empty vector (EV) or IFNAR1, then treated with IFN-α for 17 hours, and subsequently infected with HCMV for 6 hours. The introduction of WT IFNAR1 had no effect on the residual CMV IE1 or IE2 expression in control fibroblasts pretreated with IFN-α ( Figure 3C ). In contrast, introduction of WT IFNAR1 reduced CMV IE1 and IE2 expression to 15%, which is significantly less than the 40% residual expression observed in EV-transduced patient cells ( Figure 3C) . Notably, the expression of WT IFNAR1 in patient cells restored IFN-α-mediated suppression of CMV IE1 and IE2 expression to a level comparable to that observed in control IFN-α-treated cells ( Figure 3C) . Collectively, these results demonstrated that the impaired signaling downstream of IFNAR1 *557Gluext*46 is insufficient for controlling CMV protein expression. and important for the inhibition of CMV replication ( Figure 3A) . We directly tested the ability of IFN to control human CMV (HCMV) infection in the patient and control fibroblasts. Patient and control fibroblasts were incubated in media with or without IFN-α for 17 hours, followed by infection with HCMV for 6 hours. At this early time point, which occurs prior to the induction of maximal endogenous type I IFNs, there was no difference in the expression of CMV IE1 and IE2 in the untreated patient and control fibroblasts ( Figure  3B ). IFN-α pretreatment of normal fibroblasts reduced CMV IE1 and IE2 expression to 15% of the level in untreated cells ( Figure  3B ). IFN-α pretreatment of the patient's fibroblasts resulted in a significantly higher residual CMV IE1 and IE2 expression that was 40% of the level in untreated patient cells ( Figure 3B essential contribution of IFNAR1 signaling to IFN-α-mediated control of HCMV IE1 and IE2 protein expression. In addition, our patient's mutation in IFNGR2 abrogates the contribution of IFN-γ to host defense against CMV. IFNGR2 and IFNAR1 form heterodimers (18) . The binding of IFN-γ to IFNGR2/IFNAR1 heterodimers results in IFNAR1 phosphorylation, STAT1/STAT2 recruitment to the IFNAR1 subunit of the heterodimer, and ultimately, assembly of ISG factor 3 (ISGF3) for inhibition of viral activity (18) . Additionally, IFN-γ induces ISGs through activation of IFNGR2/IFNAR1 heterodimers on the caveolar membrane (18) . The importance of IFNAR1/IFNGR2 heterodimers to the antiviral state is seen in IFNAR1 -/-mouse embryonic fibroblasts, in which IFN-γ fails to mount protection against the cytopathic effect of encephalomyocarditis virus (18) . The immunocompetence against CMV observed in a previously reported IFNAR2-deficient patient may have been due to the preserved IFNAR1/IFNGR2 heterodimers, as well as an intact response to IFN-γ, as evidenced by the ability of IFNAR2-deficient fibroblasts to control viral infection after stimulation with IFN-γ, but not IFN-α (2). The dual contribution of the type I and type II IFNs to susceptibility to viral infection is illustrated by the IFNAR/IFNGR double-knockout mice, which are more susceptible The unbiased approach inherent in next-generation sequencing has shown that approximately 5% of sequenced patients have disease-causing multiloci variants (14) . Multigenic mutations have been shown to shape the phenotype of patients with autoimmunity, severe congenital neutropenia, and familial HLH (15) (16) (17) . This is the first report, to our knowledge, of a digenic human primary immunodeficiency caused by defects specific to IFNAR1 and IFN-GR2. This is unique from previously published reports of patients with selective susceptibility to mycobacteria and viruses due to mutations in genes encoding proteins important for signaling via multiple IFNs and other cytokines. These include STAT1, TYK-2, and NEMO, all of which are downstream of all 3 types of IFNs as well as multiple cytokines. IL-27 signals via STAT1, IL-6 and IL-12 signal via TYK2, and multiple cytokines signal through the NEMOdependent NF-κB classical pathway (7) . Therefore, our patient's susceptibility to multiple types of pathogens, specifically mycobacteria, extracellular bacteria, and CMV, illustrates the specific contributions of the IFNAR and IFNGR to host immunity in vivo.
Our patient had disseminated CMV characterized by an exceptionally high viral load, a striking phenotype not seen in a previously reported IFNAR2-deficient patient (2) . We have shown an Three independent experiments were performed. *P < 0.05; **P < 0.01, Student's t test. NS, not significant.
